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Left ventricle and left atrium are and have been practically always analyzed separately in common 
clinically and non-clinically oriented cardiovascular investigations. Both classic and speckle tracking 
echocardiographic data contributed to the knowledge about deformational impairments occurring in 
systo-diastolic differences. Recently new trajectory based approaches allowed a greater awareness 
about the entire left ventricle or left atrium revolution and on their deficiencies that take place in 
presence of hypertrophic cardiomyopathy. However, surprisingly, the concomitant function of the two 
left heart chambers has not been analyzed for their geometrical/mechanical relationship. For the first 
time we study here, by acquiring left ventricle and left atrial geometries on the same heartbeat, the 
trajectory attributes of the entire left heart treated as a whole shape and the shape covariation of its 
two subunits. We contrasted healthy subjects with patients affected by hypertrophic cardiomyopathy. 
We found impaired left heart trajectory mainly in terms of orientation and size. More importantly, we 
found profound differences in the direction of morphological covariation of left ventricle and left atrium. 
These findings open to new perspectives in pathophysiological evaluation of different diseases by 
allowing the appreciation of concomitant functioning of both left heart whole geometry and of its two 
chambers.
In recent years, the use of three-dimensional analyses in cardiological diagnosis and pathophysiological investiga-
tions became very common in scientific literature1–5. In particular, easy accessibility, non-invasive approach and 
fast acquisition of 2D and 3D Speckle Tracking Echocardiography (2DSTE, 3DSTE) made these tools among the 
most common instruments in cardiology6–10. Alternatively, Cardiac Magnetic Resonance (CMR) can be used to 
acquire precise heart geometry during its functioning11–13. However, CMR is much more invasive than 2DSTE or 
3DSTE and does not enable the concomitant acquisition of electrical heart activity. A large amount of scientific 
literature (whose complete review if far beyond the scope of the present paper) investigated a variety of patholo-
gies and highlighted geometrical and mechanical properties of different diseases by means of 3DSTE whose out-
put variables comprehend different mean strain measures14–20. Recently, a new approach was proposed, based on 
the analysis of the landmarks’ cloud upon which 3DSTE strains are computed, so that heart deformation during 
its revolution in physiological and patho-physiological states can be easily investigated21–25. Thus, translational 
contributions of differential geometry and clinical cardiology led to the application of Parallel Transport (PT) to 
atrial or ventricular geometries aimed at studying pure deformational patterns irrespective of the actual starting 
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inter-individual heart shape differences3, 8, 14, 16. Exploration of not only deformation per se but also of the shape of 
heart trajectory itself was therefore possible to provide a precise characterization of the motion trajectory per se. 
This is conceivable trough the introduction of temporal homology’ notion. Heart shapes are then evaluated (via 
spline-interpolation) at specific electro-mechanical homologous times such as R peak of the electrocardiogram 
or mitral valve opening (among others). Using common ordination methods, such as Principal Components 
Analysis (PCA), the “landmarks” of a trajectory shape are represented by the coordinates of dominant PC scores 
(PCs) i.e. the main deformation modes.
One of the most salient features of the abovementioned studies was that they focused on left ventricle (LV) 
or on left atrium (LA) only. To the best of our knowledge, there are no simultaneous investigations on the two 
chambers together which explore the Left Heart (LH) in its entirety. On the other hand, LV and LA indissolubly 
covary one with each other during cardiac revolution, hence forming LH dynamical change in time. Moreover, 
the entire LH can be viewed in two different ways: a structure composed of two, highly integrated, sub-units (LV 
and LA) and a sole one structure having its own shape and its own motion trajectory that can be studied with 
methods briefly explained above.
Here we focus on hypertrophic cardiomyopathy (HCM) and we show how LH’ investigation introduce new 
directions in studying heart diseases. HCM is the most common genetically-based heart disease with dominant 
autosomal transmission and complete or incomplete penetrance although it presents a highly variable pheno-
typic, clinical and prognostic heterogeneity26 and about 1400 mutations carried by more than 13 genes were 
identified27, 28. The attributes of HCM trajectory (its orientation, shape and size) appeared to be very effective in 
recognizing HCM for both LV16 and LA8. Here, we first hypothesize that the entire LH presents impaired motion 
attributes in HCM. Then, we hypothesize that the integration of the two LV and LA subunits, i.e. the way they 
covary in time, is also impaired. In particular, we investigate two attributes of morphological integration, strength 
and direction, trough recently proposed techniques exploiting Partial Least Squares analysis (PLS) capabilities29. 
Eventually, we also explore the covariation patterns between the shapes of LV and LA trajectories.
Results
Reproducibility. Intra-observer variability analysis shows that the reproducibility of our results is always 
very high (smaller than 2%). Traditional global 3DSTE parameters of the left ventricle show a very good coeffi-
cient of variation: Volume: 1.56%; Radial Strain global: 0.84%; Circumferential Strain global: 0.79%; Longitudinal 
Strain global: 0.81%; Rotation global: 1.18%; Twist global: 0.96%; Torsion Regional global: 0.84%; Torsion Basal 
global: 0.96%; Strain 3D global: 0.79%; Radial Displacement global 0.64%; Longitudinal Displacement global 1%. 
The same emerges from the distances between cycles shape replicas of the same subject parameterized on pi/2: 
mean: 0.00991; sd: 0.01605. Inter-observer variability returned also a very good performance being coefficient of 
variation of traditional global 3DSTE parameters of the left ventricle always smaller than 5%.
Left Heart trajectory. Figure 1 shows the end-systolic and end-diastolic states according to PT analysis per-
formed on the endocardial surfaces of LV and LA (see Material and Methods). Supplementary Figure S1 shows 
the corresponding animation in full color using blue-cyan-yellow-red color palette. For sake of visualization the 
colormap represents the Euclidean distance from the end diastolic state for LV and the end-systolic state for LA. 
It is evident that Control deforms more than HCM in both ventricular and atrial contractions.
Figure 2 shows per-group mean LH trajectories in the PCA space. Supplementary Figure S2 shows the trajec-
tories in the space of the first three PCs with fitting planes for each category in the shape space. Trajectories look 
different in extension and orientation and this is evidenced by data distribution at each homologous time for each 
of the first three PCs.
Figure 3, in fact, shows the boxplot distribution of dominant PCs for Control and HCM. The two categories 
significantly differ at virtually all homologous times (asterisks in the ordinal time positions designate significance) 
indicating strong differences in location. PC1 explains a large fraction of total variance (about 73%). As our 
analyses are performed in the shape space (thus filtering out size), this means that, besides size, the large part of 
deformation is concentrated along a single axis.
Figure 4 shows results of GPA + PCA performed on trajectories shapes identified by the first three PCs of LS 
analysis. Among dominant PCs only the first one significantly separates Control from HCM (R-sq: 0.24; p-value: 
0.00002). At positive PC1 values, were HCM places, the trajectory is flat while at negative ones, where Control 
stays, the trajectory shape is more rounded.
Results relative to size and orientation of LH trajectory highlights that Control presents a significant larger 
size in comparison to HCM (mean Control: 0.224; mean HCM: 0.17; Anova R-sq: 0.23; p-value: 3.9e-5) as well as 
a significant different orientation of both angles (PC1/PC2 angle: mean Control: 0.92; mean HCM: −5.74; Anova 
R-sq: 0.11; p-value: 0.003; PC1/PC3 angle: mean Control: 87.7; mean HCM: −95.7; Anova R-sq: 0.22; p-value: 
4.9e-5).
Integration and disintegration. The mean slopes of disintegration analysis do not differ among groups 
(Control: −2.23; HCM: −2.17; p-value: 0.151). These values indicate that LH is, as expected, a highly inte-
grated structure when taken as a whole shape and that the two categories show the same degree of integration. 
A coherent result is found when using PLS on LV and LA blocks. Figure 5 shows mean covariation trajectories 
and associated shapes as well as the stacks of MA regression lines for each individual performed on the model 
SW1LA~SW1LV.
Results relative to the strength and direction of covariation show that strenght’s z-scores do not significantly 
differ in the two groups (mean Control: 5.09; mean HCM: 5.03; Anova R-sq: 0.007; p-value: 0.49), while the direc-
tions are very different as illustrated by mean covariation trajectories and MA slope stacks (mean Control: 1.24; 
mean HCM: 0.88; Anova R-sq: 0.23; p-value: 4.36e-5; see Fig. 5). It is important to note that Control shows a mean 
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slope larger than 1, i.e. isometry, (1.25), while HCM have a smaller value (0.89). This indicates that in Control, 
LA shape change per unit of LV shape change is significantly larger than that of LV whereas it is the opposite for 
HCM.
LV-LA trajectories covariation. When PLS analysis was applied to the shapes of trajectories themselves 
we found no significant differences in both strength and direction of covariation (PLS effect size: 1.33; p-value: 
0.09; Control slope: 1.44; HCM slope: 1.26; p-value: 0.61). Figure 6 shows the first pair of SW axes that explains 
66.6% of total covariance.
Clinical classification. Table 1 summarizes the results relative to classification power of the various LH 
deformational parameters computed in this study as well as those relative to the most common 3DSTE param-
eters. Among these, the LA volume index is a measure of pure size and it is not directly comparable to our indi-
cators that are computed in the Shape Space. Moreover, the LV mass strongly depends on the interventricular 
septum thickness that is the parameter upon which HCM pathology is recognized and it is therefore affected by 
severe circular reasoning.
LS PC1 shows a very good AUC and total accuracy as well as the second value of sensitivity. The best values 
are found for the first three LS PCs combined together. Among trajectory attributes the PC1/PC3 angle shows 
the best performance. Trajectory size and shape perform satisfactorily as well, except for sensitivity. Our param-
eters perform very well when compared to the traditional 3DSTE measures when circular reasoning affected and 
scale-connected parameters are ignored. In general, the worst values are those of sensitivity due to the unbalanced 
design
Discussion
To our best knowledge we presented the first combined analysis of functional covariation of LV and LA as well 
as the investigation of the entire LH treated as a whole shape. The analysis applied to the comparison of Control 
and HCM allowed to augment our knowledge about HCM pathophysiology which had been investigated solely 
at the one-chamber-level of LV16 or LA8. LS analysis showed, according to previous investigations8, 16, that the 
contraction measured in terms of Euclidean distance is smaller in HCM. This is evident in Fig. 1, looking at the 
colormap, and in the trajectory space illustrated in Fig. 2 where HCM occupies a smaller region of the morphos-
pace along PC1, corresponding to the alternating systo-diastolic states of LV and LA. The fact that our analyses 
are performed in SS and that PC1 explains a large part of total variance (about 74%) indicates that, irrespective 
of size, the shape change follows a single direction dictated by LV-LA alternate contraction. Along PC1 axis the 
majority of affine (non-homothetic) and non-affine deformations occur. PC2 seems to indicate a shear-like defor-
mation of LA shape associated to a change in the slope of mitral annulus’ border. Similar deformations occur, to 
some extent, along PC3. At virtually all homologous times, the first three PCs clearly discriminate Control from 
HCM mainly in correspondence of LV end-systole. However, PC3 shows a neat separation also at LV end-diastole 
Figure 1. Global deformational patterns in Control and HCM. The colormap ranges from white (min) to red 
(max) and refers to |xM − x|, with xM the position of a point in the LV or LA diastole and x the position of the 
corresponding deformed state. This was done here just for sake of visualization as the Common Template from 
which deformation were computed was chosen in correspondence of the Grand Mean of all time frames of all 
cardiac cycles instead that in correspondence of a particular deformed/undeformed state. See text for further 
explanation. Supplementary Figure S1 shows the corresponding animation in full color using blue-cyan-yellow-
red color palette.
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(that coincides with LA end-systole) as shown in Fig. 3. The analysis of trajectories attributes indicates that only 
PC1 of the shape analysis significantly separates Control from HCM. Control shows a more rounded trajectory in 
comparison to HCM. The smaller size of HCM is consistent with the observed minor deformation illustrated in 
Fig. 1; the latter indicates that LH systole and diastole occur in different regions of LS morphospace for Control 
and HCM. While these evidences had been already noted for LV16 and LA8 alone, LH’ angles impairment suggests 
that the covariation of the two chambers could be impaired too. On the one hand, the strength of covariation is 
not different between Control and HCM as shown by disintegration analysis and PLS. On the other hand, the 
direction of covariation is significantly different among the two categories as evidenced by MA analysis and slope 
directions illustrated in Fig. 5. This suggests that LV and LA concomitant beat points toward an impaired trend 
in HCM. MA highlighted that, under the individual-specific model SW1LA~SW1LV, the rate of LA shape change 
per unit of LV shape change is higher in Control with a mean slope larger than 1 (isometry). The opposite holds 
for HCM with a mean slope smaller than 1. This result deserves special attention. As the analyses were performed 
in SS, any aspects of pure size are filtered out differently from what done previously3, 8, 14, 16. The higher rate of LA 
shape change per LV shape change in Control leads to the conclusion that the non-homothetic affine (or devi-
atoric in continuum mechanics vocabulary) and non-affine components of shape change are larger in LA than 
in LV that is more dominated by size. The reverse happens in HCM. It is well known8, 30 that in HCM the LA is 
hyper-dilated and that its ejection fraction is reduced. On the opposite, the absolute booster pump function is 
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Figure 2. PCA on shapes after Parallel Transport. Centering deformations on GM (differently from what 
visualized in Fig. 1) allows to consider both systole and diastole as deformed states. Deformations relative to 
the GM are depicted. The colormap ranges from white (min) to red (max) and refers to |xM − x|, with xM the 
position of a point in the GM and x its position at the specified PC axis extreme (positive or negative). The first 
three PCs are shown. Explained variances (in percentage) are also indicated.
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significantly augmented. It means that the pure volumetric component becomes more important in HCM’s LA, 
while the deviatoric and non-affine components turn out to be less significant.
The deformational indicators we presented in this study show a very good classification power (Table 1). The 
best performance is carried by the combination of the first three LS PC scores. PC1/PC3 angle shows also a very 
good performance. Sensitivity, however, does not reach very high values such as total accuracy or specificity. 
This could be explained, at least in part, by the unbalanced design, the small HCM sample size and the variance 
of pathology severity. Challenging our approach by comparing the above mentioned classification results with 
those coming from traditional 3DSTE parameters and, above all, LV mass and LA volume indexes, corroborates 
the goodness of our new methodology in searching for LH impairment in HCM. In addition, we stress that, as we 
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treat LH as a whole shape, there are no directly comparable measures in the literature as only LV or LA deforma-
tions are usually studied without considering their functional covariance as in here.
In order to derive potentially useful and/or applicable conclusions for clinics it is important to underline how 
shape and size-and-shape might evolve in transition from healthy to pathological condition and specifically how 
LA-LV mechanical covariation behaves. Indeed, healthy LV is dominated by size whereas in presence of shape 
changes there might be a rapid evolution towards pathology31. LA might be instead more compliant in terms of 
both size and shape and we had shown8 that in HCM the pure size component is augmented as expected, pro-
vided its absolute booster pump function is concomitantly increased30.
Architectural, cellular and molecular structures are intimately connected to heart form in accordance to 
Laplace’s law: LV wall size and elastance compensate for LV internal radius and related end-diastolic volume 
(EDV), thus minimizing LV end-diastolic pressure. So it is tempting to speculate that the above mentioned struc-
tures are normal determinants of cardiac performance whose function is regulated by physiological and bio-
chemical mechanisms. When these mechanisms fail, LV form and function are no more correlated to each other 
as in the normal state. As a consequence, LA follows LV impairment in HCM. This has two different outcomes: 
the strength of the two chamber’s covariation is maintained and the direction of this covariation is impaired. The 
first evidence must be interpreted in terms of functional homeostasis of heart organ that, while functioning in a 
living subject, cannot deviate from a given covariation constraint even in diseased conditions whose departure 
could be incompatible with life. The second one indicates clearly that this functional homeostasis cannot occur 
without a cost.
Following Kamalov et al.32, it was Claude Bernard to hypothesize the “homeostasis” concept in 1865: he pos-
tulated that the body possesses an intrinsic capability to preserve its milieu interieur, i.e. its internal stability in 
front of a perturbation33. Successively, Cannon34 presented the term “homeostasis” to meet original Bernard’s 
concept of internal stability. Quoting32 “Homeostasis reflects the body’s natural power of adaptation, i.e. a contin-
uous cooperation and integration between the internal environment with external surroundings”. Very often the 
concept of homeostasis is referred to temperature, or hormone and ion concentration. We tentatively try to use it 
by referring to the structural and geometric compensation that LA experiences in presence of HCM augmented 
LV filling pressure. In HCM, in fact, LA pump function is increased to help ventricular filling. As mentioned 
above, while the maintenance of the strength of covariation could be interpreted in terms of functional homeo-
stasis, the fact that we found a shift in its direction could be interpreted in terms of functional “dyshomeostasis” 
following Kamalov et al.’s vocabulary32. Dyshomeostasis can be defined as an inappropriate, deficient or excessive 
counter-regulation in response to the perturbation. The differences in the direction of covariation we found in 
this study can fall into these categories. The changing in slope could lead, in extreme conditions, to a potentially 
lethal state thus making this dyshomeostasis fatal. For example, other types of pathologies, such as aortic regur-
gitation or congestive heart failure, might present different, possibly more dyshomeostatic, LV-LA covariations. 
Another example of functional homeostasis followed by dyshomeostasis can be found in35 where the authors, 
studying HCM, found an increased duration of LV twist consequent to the inverse relationship of longitudinal 
Independent variables AUC
Total 
accurracy Specificity Sensitivity
Newly proposed parameters
LS PC1 at all homologous times 0.88 0.86 0.93 0.60
LS PC2 at all homologous times 0.84 0.77 0.82 0.56
LS PC2 at all homologous times 0.80 0.77 0.84 0.52
LS PC1/PC2/PC3 at all homologous 
times 0.89 0.91 0.96 0.72
LH trajectory size 0.79 0.81 0.93 0.39
LH trajectory PC1/PC2 angle 0.64 0.72 0.89 0.10
LH trajectory PC1/PC3 angle 0.81 0.81 0.90 0.48
LH trajectory shape first 10 PCs 0.77 0.80 0.88 0.50
LV-LA covariation direction 0.70 0.81 0.93 0.39
Traditional 3DSTE parameters
*3D Left ventricular mass 0.96 0.95 0.97 0.85
*Indexed 3D Left ventricular mass 0.93 0.94 0.97 0.84
**3D Left atrium Volume indexed 0.86 0.92 0.97 0.73
Left atrium radial global strain 0.62 0.74 0.93 0.02
Left atrium circumferential global strain 0.74 0.84 0.95 0.45
Left atrium longitudinal global strain 0.69 0.72 0.83 0.32
Left ventricle radial global strain 0.64 0.74 0.92 0.07
Left ventricle circumferential global 
strain 0.69 0.78 0.93 0.22
Left ventricle longitudinal global strain 0.78 0.80 0.91 0.39
Table 1. Classification performance of new and traditional indicators according to randomized SVM. Asterisk 
indicates that circular reasoning affects corresponding results. Double asterisk indicates a size-associated 
parameter.
www.nature.com/scientificreports/
8SCIENTIFIC REPORTs | 7: 6257  | DOI:10.1038/s41598-017-06189-w
strain rate and twist rate. This is viewed as a compensation ( = functional homeostasis) to preserve ejection frac-
tion ( = systolic function). However, the increased duration of systolic twist induces an untwisting delay, with 
elevated LV early diastolic pressures, reduced transmitral pressure gradient and impaired LV early diastolic filling 
( = dyshomeostasis). More in general, referring to other diseases different from HCM, our results suggest that the 
pure size and shape change evaluated not only in terms of classical 3DSTE parameters (i.e. Twist, Strain, Rotation, 
etc.) could provide important descriptors for interpreting not only frank pathology but also incumbent disease. 
While the volumetric indicator, either atrial or ventricular, has been always used to describe a great number of 
pathologies36, 37 in terms of ejection fraction, the new era of echocardiography, represented by 2DSTE and 3DSTE, 
introduced the possibility to study a large number of traditional-echocardiographic and new-deformational 
parameters. However, this frequently becomes a sort of boomerang as the huge plethora of parameters is often 
difficult to present, interpret and, above all, to export in common clinical practice. Coupling the main deforma-
tional parameters with the synthetic ones we proposed here and using them for describing the whole LH func-
tioning and covariation could help in interpreting pathology and its mechanical and geometry-driven functional 
consequences.
Material and Methods
Data acquisition. Following8, 14, 16 we acquired data using PST–25SX Artida device, Toshiba Medical Systems 
Corp., Tokyo, Japan. We enrolled a total of 74 Control subjects found healthy after an accurate cardiological visit 
and 32 HCM patients. We then excluded all acquisitions with poor image quality and with ultrasonic windows 
not including completely both the left atrium and the left ventricle. After this selection the Control group was 
constituted by 46 subjects and 20 HCM patients (62.2% and 62.5% of total acquisitions, respectively). Inclusion 
criteria for HCM patients were determined by a left ventricular septum having a thickness larger than 13 mm. 
Table 2 reports details and descriptive statistics for the population under study.
LH, constituted by LV and LA geometries, was reconstructed starting from 6 homologous landmarks for 
LV and 6 for LA. These were manually identified by the operator for each subject. The same operator (AE) was 
involved in LH reconstruction. The final geometry of any subject is a time-sequence of 16 shapes (see the homol-
ogous times interpolation method below), each one constituted by 2594 landmarks (presumed to be homologous) 
for endocardial surface, including LV and LA. LV and LA are individually composed by 1297 landmarks posi-
tioned along 36 horizontal circles, each composed of 36 landmarks, plus the apex. It is critical to specify here that 
LV and LA were digitized on the same 3DSTE clip. This ensures that the two LH chambers are acquired during the 
same heart beat and according to their reciprocal anatomical position and concomitant function. It was possible 
to obtain the landmark cloud (upon which the standard rotational, torsional and strain parameters are computed 
and outputted by each Artida device) by an unlocked version of the software equipping our PST–25SX Artida 
device, thanks to a special opportunity provided in the context of an official research and development agreement 
between the Dipartimento di Scienze Cardiovascolari, Respiratorie, Nefrologiche Anestesiologiche e Geriatriche, 
“Sapienza” Università di Roma and Toshiba Medical System Europe, Zoetermeer, The Netherland.
Reproducibility. As the same operator (AE) was involved in geometry reconstructions, we performed an 
intra-observer reproducibility analysis. The left ventricles of 7 randomly chosen Controls and 3 (randomly cho-
sen) HCM patients were reconstructed twice at a temporal distance >1 year (long-term). As first, we calculated 
the coefficient of variation of traditional 3DSTE global strains and volumes of left ventricles that possess larger 
systo-diastolic differences in comparison to left atrium using not only the systolic values but also those corre-
sponding to all frames acquired by the device during one cycle. Then, as we propose here some novel indicators 
built using the Geometric Morphometrics paradigm (see below), we applied to each replica’s couple of acquisi-
tions the deformation analysis presented below. We then evaluated the shape distance (via Procrustes distance, 
see below) between cycle’ shapes (using the first three PC scores as explained below) of each replica of the same 
subject parameterized on the maximum value it can assume on the tangent space that is pi/2. Coefficient of vari-
ation in percentage (i.e. standard deviation divided by the mean*100) applied to absolute difference between the 
two replicas of each subject for the global 3DSTE parameters was used as measure of goodness for reproducibility 
of classical 3DSTE variables. Tentatively one of us (GE) digitized the same subjects used for intra-observer repro-
ducibility twice (short-term) at one day of temporal distance between the two replicas. These data were used for a 
preliminary assessment of inter-observer variability.
Ethic statements. The study was conducted after the approval of the “Dipartimento di Scienze 
Cardiovascolari, Respiratorie, Nefrologiche, Anestesiologiche e Geriatriche, “Sapienza” Università di Roma and 
in accordance with the ethical guidelines of the Declaration of Helsinki. Written informed consent was obtained 
from each subject.
Descriptive parameters Control = 46 HCM = 20
Age (years) 39.2 ± 8.33 48.6 ± 12.61
Ejection Fraction (%) 59.1 ± 0.05 54.8 ± 0.08
Inter-Ventricular Septum (mm) 8.47 ± 1.43 18.2 ± 4.03
Males/Females 30/16 13/7
Beat rate (beat/s) 77 ± 13.16 76 ± 13.00
Table 2. Descriptive statistics ± standard deviation for the populations under study.
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Homologous times interpolation. Each subject is acquired with a different number of frames depending 
on the frame rate, automatically set by the machine at each acquisition (mean frame rate: 41.6 ms), and on the 
beat rate (see Table 2). In order to study trajectory attributes, it is essential to evaluate shapes at physiologically 
homologous times. While in8, 14, 16 the set of homologous times refer to LV or LA only, in this study we needed to 
set them according to the concomitant function of both chambers. Figure 7 shows the concept of our procedure 
as applied to two heart beats.
We identified 4 strictly homologous times: two mechanical, LV end-systole and mitral valve opening, and 
two electrical, R wave peak and P wave peak. For each subject, we carefully inspected the 3DSTE video clip and 
we recorded the millisecond at which these events occur. Between consecutive strictly homologous landmarks 
we also estimated three equally spaced additional times. One single cycle comprises, thus, 16 homologous times. 
Then, we performed separate Generalized Procrustes Analyses (GPA) in the size and shape space (SSS) for the 
entire LH geometry taken as a whole shape on the shapes recorded for each individual and we interpolated them 
via cubic spline at the above mentioned homologous times. The use of SSS is justified here because at this step 
size is still maintained differently from successive analyses. The resulting dataset is constituted by 16 shapes, each 
composed by 2594 landmarks (1297 for LV and 1297 for LA), for any of the 66 subjects (46 Control and 20 HCM) 
under study.
Left Heart trajectory. LH was treated as a whole shape and its motion was studied according to8, 14, 16. In 
order to deal only with pure deformations, we applied the PT geometrical tool. Basically, it estimates deforma-
tions within the cycle of each subject between observed shapes and a properly chosen local template (LT). Then 
all deformations are “transported” toward a common template (CT). After that a common GPA is performed. In 
this way, starting inter- individual shape differences are filtered out and the sole deformations can be studied. PT 
can be performed on the curved Riemannian manifold using sophisticated Riemannian geodesics estimation38 
or on the Euclidean tangent plane to the CT by means of the so called “Linear Shift” (LS)8, 14, 16, 39 where geodes-
ics are computed via simple subtraction and addition. It is important, however, properly managing rotations as 
explained in38, 39. In8, 14, 16, it was shown that LS approximation is fairly acceptable for the type of data used here 
and we thus adopted this strategy. It is important to note that LTs and CT were set as the local means of each 
individual and the grand mean of the entire sample, respectively. Further technical details about LS can be found 
in8, 14, 16, 39. After PT via LS, common ordination methods such as PCA can be performed. Motion trajectory is 
identified, for each subject, by the scores of the first three PCs. These will represent the “landmarks” of trajectory 
shape whose homology is ensured by the physiological temporal homology of times at which shapes were inter-
polated. Trajectory shape is studied by performing GPA + PCA on motions shapes; trajectory size is represented 
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Figure 7. Interpolation procedure. The occurrence of homologous times (left) and mean volumetric trajectories 
of Control and HCM (right) are shown.
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by trajectories centroid size (CS); trajectory angles are evaluated by computing the angle of vectors connecting 
PC scores values corresponding to end-diastole and those corresponding to end-systole. Both PC1/PC2 and PC1/
PC3 angles are evaluated. These attributes were subjected to ANOVA (CS and angles) and MANOVA (shape) 
using Control/HCM as two-level factor variable.
It could be possible to use more than three PCs for building trajectories shapes but this would lead to the iden-
tification of hypershapes hardly representable. The first three PCs identify an elliptical trajectory shape and they 
explain a large amount of variance (see Results) thus making their use fairly acceptable.
As already highlighted in8, 14, 16 using local means as LTs and the grand mean as CT, allows appreciating both 
systole and diastole as deformed states. On the contrary, in fact, in classic 2D and 3D echocardiographic studies, 
end-diastole is a sort of “zero” from which deformations are computed. Our approach, instead, permits to identify 
possible impairments even if occurring during late diastolic phase.
Hierarchical levels of covariation: strength and direction. Being LH organized into two highly inter-
acting modules (LV and LA), the integration and covariation between them at different levels of organization can 
be studied. The first one is that occurring within each individual: the 16 LH shapes that constitute each individual 
cycle identify a specific covariation trajectory. All covariation trajectories can then be compared in terms of the 
strength and direction of covariation. One of the most used techniques to study the covariation between two 
blocks of variables (A and B, for example) is the Partial Least Squares Analysis (PLS)40. This approach treats blocks 
symmetrically without an a priori attribution of dependence-independence relationship. PLS returns two sets of 
paired singular vectors (SW) that maximize the covariance between blocks: one set for block A and one set for 
block B. These sets must be evaluated by plotting pair by pair the same SWs of both blocks. In the SW space the 
covariation trajectory can be evaluated in terms of strength and direction. Recently29 proposed a new strategy to 
compare the strength of PLS focusing on the first SW pair. They proposed a standardized test statistic (a z-score) 
for measuring the degree of morphological integration between sets of variables. The z-scores can be used to test 
for differences (via ANOVA) among groups. We then performed, on deformational data coming from LS proce-
dure, separate PLS analyses for each individual using its proper 16 LV and LA shapes. We then used compare.pls() 
function from the R package “geomorph”41 in order extract z-scores (one value for each individual) to be used in 
ANOVA using Control/HCM as factor. This looks for differences in the strength of covariation, whereas nothing 
is known about its direction. In fact, in the SW space, two covariation trajectories could show the same strength in 
terms of effect size still having different orientations. The orientation of trajectory in SW space can be interpreted 
as the shape change rate of one module relatively to the shape change of the other. This aspect is very important as 
it is exactly related to the way the two modules (LV and LA) work in realizing LH functioning.
In order to investigate this issue, we performed separate Major Axis (MA) analyses on individual covariation 
trajectories on the space identified by the first pair of SWs. MA is necessary being it “symmetrical”, i.e. residuals 
are computed orthogonally to the line of best fit, and, coherently with the symmetry intrinsic to PLS, does not 
require the classic assumption of dependence-independence relationship. MA slopes are then contrasted in the 
usual ANOVA using Control/HCM as factor. A second-order level of covariation is that occurring between the 
shapes of trajectory themselves. In this case, we don’t analyze data within each individual, as one individual is 
represented by one single trajectory shape. Here covariation within any category (Control and HCM) is estimated 
using each individual trajectory shape as a single observation. LA and LV trajectory shapes were subjected to PLS 
analysis and the significance of difference in z-scores was evaluated via permutation analysis. Differences in direc-
tion were evaluated using MA regression as described above. This time, however, MA regression was performed 
on Control and HCM categories rather than on single individuals.
Disintegration. Recently, in42 it was proposed a new, alternative way to look at the integration intrinsic to a 
special set of shapes. This approach does not compare two or more modules. Actually, it examines the regression 
coefficient for log partial warp variance against log of its proper bending energy in the standard thin-plate spline 
setup41. If the coefficient equals −1 the shape series can be considered as “self-similar” while if it is smaller the 
series is considered as “integrated”. When it results larger than −1 (e.g. close to 0) the series can be considered 
“disintegrated”, i.e. does not correspond to any biological meaningful explanation which is to say, incompatible 
with life. The more negative the coefficient the larger the integration. We thus performed such kind of analysis 
using globalIntegration() function in “geomorph” R package for each individual present in our dataset. Resulting 
slopes were subjected to ANOVA using Control/HCM as factor variable.
Clinical classification performance. We used the indicators coming from LS analysis and trajectory analy-
sis in a classification exercise in order to assess the clinical value of whole LH deformation as previously done in8, 16.
To achieve this we adopted the same strategy used in ref. 3 that consists in a randomized approach applied to 
Support Vector Machine (SVM) learning. In ref. 3 it was shown that SVM performs better than other common 
binary classification procedures (such as discriminant analysis and logistic regression, among others) in classify-
ing myocardial infarction data very similar to those treated here. For this reason, we used SVM with radial basis 
Gaussian kernel function and hyperparameter C = 1 coupled with a randomized sub-data splitting. Briefly, we 
randomly choose 35 Controls and 17 HCM and we fit on them SVM for learning. Then we used the resulting 
coefficients for classifying the remaining 10 Control and 3 HCM. This is repeated 1000 times. Total accuracy, 
specificity, sensitivity and AUC from the ROC curves were calculated. Mean values are then reported. The above 
mentioned splitting (35/46 for Control and 17/20 for HCM) was forced by the small dataset we have here and by 
the necessity to use the majority of cases for learning. However, given the high number of randomizations we are 
confident that the performance indicators reported here well represent (if not underestimate) the actual classifi-
cation power of LH deformation analysis. In addition, we showed results from the same analyses using the more 
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traditional 3DSTE LV and LA strains in order to compare their performances with those of the new indicators 
built in this study. We also decided, in order to challenge our new approach, to include two variables that are not 
directly comparable to the ones we present here: LV mass and LA volume index. The former is affected by circular 
reasoning as it strongly depends on the thickness of interventricular septum that is used to diagnose the pathol-
ogy; the latter is a purely size-connected parameter differently from our indicators that are calculated in the Shape 
Space (thus filtering out size).
References
 1. T. Buck, A. Franke, M. Monaghan (Eds.). Three dimensional echocardiography 2nd ed. (Springer Medizin, Springer-Verlag Berlin 
Heidelberg, 2015).
 2. Camara, O. et al. Statistical Atlases and Computational Models of the Heart, Imaging and Modelling Challenges. Lecture Notes in 
Computer Science 9534 (Springer International, Switzerland, 2016).
 3. Piras, P. et al. Systo–diastolic LV shape analysis by geometric morphometrics and parallel transport highly discriminates myocardial 
infarction. In: Camara, O. et al. (Eds), STACOM 2015, Lecture Notes in Computer Science, vol. 9534, Springer International, 119–129 
(2016).T.
 4. Shiota. 3D Echocardiography 2nd edition. CRC press, Taylor & Francis Group (2013).
 5. Malpica, N. et al. Tracking of regions-of-interest in myocardial contrast echocardiography. Ultrasound Med Biol 30, 303–9 (2004).
 6. Seo, Y. et al. Validation of 3-dimensional speckle tracking imaging to quantify regional myocardial deformation. Circ. Im. 2, 451–9 
(2009).
 7. Ran, H. et al. Assessment of left ventricular myocardial viability by 3-Dimensional Speckle-Tracking Echocardiography in patients 
with myocardial infarction. J. Ultrasound Med 35, 1631–1638 (2016).
 8. Piras, P. et al. Left atrial trajectory impairment in Hypertrophic Cardiomyopathy disclosed by Geometric Morphometrics and 
Parallel Transport. Sci Rep. 34906 (2016).
 9. Fabiani, I., Riccardo, N. R., Santini V., Conte, L., Di Bello, V. Speckle-Tracking Imaging, Principles and Clinical Applications: A 
Review for Clinical Cardiologists. In: U. Lakshmanadoss (Ed), Echocardiography in Heart Failure and Cardiac Electrophysiology, 
ISBN 978-953-51-2739-0 (2016).
 10. Alessandrini, M. et al. Detailed Evaluation of five 3D Speckle Tracking algorithms using synthetic echocardiographic recordings. 
IEEE Trans. Med. Im. 35, 1915–26 (2016).
 11. Pedrizzetti, G., Claus, P., Kilner, P. J. & Nagel, E. Principles of cardiovascular magnetic resonance feature tracking and 
echocardiographic speckle tracking for informed clinical use. J. Cardiovasc. Magn. Reson. 18, 51 (2016).
 12. Schuster, A., Hor, K. N., Kowallick, J. T., Beerbaum, P. & Kutty, S. Cardiovascular Magnetic Resonance Myocardial Feature Tracking: 
Concepts and Clinical Applications. Circ. Cardiovasc. Imaging 9, e004077 (2016).
 13. Chuang, M. L. et al. Importance of imaging method over imaging modality in noninvasive determination of left ventricular volumes 
and ejection fraction: Assessment by two- and three-dimensional echocardiography and magnetic resonance imaging. J. Am. Coll. 
Cardiol. 35, 477–84 (2000).
 14. Piras, P. et al. 4D-Analysis of Left Ventricular Heart Cycle Using Procrustes Motion Analysis. PLoS One 9, e86896 (2014).
 15. Abate, E. et al. Value of three-dimensional speckle-tracking longitudinal strain for predicting improvement of left ventricular 
function after acute myocardial infarction. Am. J. Cardiol. 110, 961–967 (2012).
 16. Madeo, A. et al. A new 4D trajectory-based approach unveils abnormal LV Revolution Dynamics in Hypertrophic Cardiomyopathy,”. 
PLoSONE 10, e0122376 (2015).
 17. Urbano-Moral, J. A., Rowin, E. J., Maron, M. S., Crean, A. & Pandian, N. G. Investigation of global and regional myocardial 
mechanics with 3-dimensional speckle tracking echocardiography and relations to hypertrophy and fibrosis in hypertrophic 
cardiomyopathy. Circ. Cardiovasc. Imag. 7, 11–19 (2014).
 18. Shimoni, S. et al. Differential effects of coronary artery stenosis on myocardial function: the value of myocardial strain analysis for 
the detection of coronary artery disease. J. Am. Soc. Echocardiogr. 24, 748–757 (2011).
 19. Tan, Y. T. et al. The pathophysiology of heart failure with normal ejection fraction: exercise echocardiography reveals complex 
abnormalities of both systolic and diastolic ventricular function involving torsion, untwist, and longitudinal motion. J. Am. Coll. 
Cardiol. 54, 36–46 (2009).
 20. De Isla, L. P. et al. Chronic mitral regurgitation: a pilot study to assess preoperative left ventricular contractile function using 
speckle-tracking echocardiography. J. Am. Soc. Echocardiogr. 22, 831–838 (2009).
 21. Modesto, K. & Sengupta, P. P. Myocardial mechanics in cardiomyopathies. Prog. Cardiovasc. Dis. 57, 111–24 (2014).
 22. Sjoli, B. et al. Diagnostic capability and reproducibility of strain by Doppler and by speckle tracking in patients with acute myocardial 
infarction. JACC Cardiovasc. Imag. 2, 24–33 (2009).
 23. Jasaityte, R., Heyde, B. & D’Hooge, J. Current state of threedimensional myocardial strain estimation using echocardiography. J. Am. 
Soc. Echocardiogr. 26, 15–28 (2013).
 24. Gjesdal, O. et al. Noninvasive separation of large, medium, and small myocardial infarcts in survivors of reperfused ST-elevation 
myocardial infarction: a comprehensive tissue Doppler and speckle-tracking echocardiography study. Circ. Cardiovasc. Imag. 1, 
189–96 (2008).
 25. Zhang, X. et al. Differential changes of left ventricular myocardial deformation in diabetic patients with controlled and uncontrolled 
blood glucose: a three dimensional speckle-tracking echocardiography-based study. J. Am. Soc. Echocardiogr. 26, 499–506 (2013).
 26. Maron, B. J. & Salberg, L. A Guide to Hypertrophic Cardiomyopathy: For Patients, Their Families and interested physicians. 3rd 
Edition. (Wiley-Blackwell, 2014).
 27. Maron, B. J., Maron, M. S. & Semsarian, C. Genetics of hypertrophic cardiomyopathy after 20 Years. J. Am. Coll. Cardiol. 60, 705–15 
(2012).
 28. Maron, B. J. & Maron, M. S. Hypertrophic cardiomyopathy. Lancet 381, 242–55 (2013).
 29. Adams, D. C. & Collyer, M. L. On the comparison of the strength of morphological integration across morphometric datasets. 
Evolution 70, 2623–2631 (2016).
 30. Hoit, B. D. Left atrial size and function: role in prognosis. J. Am. Coll. Cardiol. 63, 493–505 (2014).
 31. Katz, A. M. & Rolett, E. L. Heart failure: when form fails to follow function. Eur. Heart J. 37, 449–454 (2016).
 32. Kamalov, G., Bhattacharya, S. K. & Weber, K. T. (2010). Congestive heart failure: where homeostasis begets dyshomeostasis. J. 
Cardiovasc. Pharmacol. 56, 320–328 (2010).
 33. Bernard, C. An Introduction to the Study of Experimental Medicine. (Baillière, 1865).
 34. Cannon, W.B. The Wisdom of the Body. (Norton, 1932).
 35. Pacileo, G. et al. Prolonged left ventricular twist in cardiomyopathies: a potential link between systolic and diastolic dysfunction. 
Eur. J. Echocard. 12, 841–849 (2011).
 36. Cikes, M. & Solomon, S. D. Beyond ejection fraction: an integrative approach for assessment of cardiac structure and function in 
heart failure. Eur. Heart J. 37, 1642–1650 (2016).
 37. Schwarzl, M. et al. Risk factors for heart failure are associated with alterations of the LV end-diastolic pressure–volume relationship 
in non-heart failure individuals: data from a large-scale, population-based cohort. Eur. Heart J. 37, 1807–1814 (2016).
www.nature.com/scientificreports/
1 2SCIENTIFIC REPORTs | 7: 6257  | DOI:10.1038/s41598-017-06189-w
 38. Varano, V. et al. Comparing shape trajectories of biological soft tissues in the size-and-shape. BIOMAT 2014 Congress Book (pp. 
351–65. World Scientific Publishing, Singapore, 2015).
 39. Piras, P. et al. The conceptual framework of ontogenetic trajectories: Parallel Transport allows the recognition and visualization of 
pure deformation patterns. Evol. Del. 18, 182–2000 (2016).
 40. Rohlf, F. J. & Corti, M. The use of partial least-squares to study covariation in shape. Syst. Biol. 49, 740–753 (2000).
 41. Adams, D. C. & Otarola-Castillo, E. geomorph: an R package for the collection and analysis of geometric morphometric shape data. 
Meth. Ecol. Evol. 4, 393–399 (2013).
 42. Bookstein, F. L. Integration, disintegration, and self-similarity: Characterizing the scales of shape variation in landmark data. Evol. 
Biol. 42, 395–426 (2015).
Acknowledgements
The work was supported by “Sapienza” Università di Roma through the Grants No. C26A14BR2J. The authors 
wish to express their gratitude to Willem Gorissen, Clinical Market Manager Cardiac Ultrasound at Toshiba 
Medical Systems Europe, Zoetermeer, The Netherland, for continuous support and help.
Author Contributions
P.P., P.E.P., V.V., S.G., M.S. and L.T. conceived the study and performed statistical analyses C.T., A.M., A.E. and 
G.E. acquired the data. P.P., P.E.P. and P.N. wrote the paper. All authors reviewed the manuscript and provided 
meaningful intellectual contributions.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06189-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
